RESONATOR. FILTER, DUPLEXER. 
AND COMMUNICATION APPARATUS 



Technical Field 

The present invention relates to a resonator, a filter, a duplexer, and a 
communication apparatus for use in wireless communication or 
transmission/reception of electromagnetic waves in, for example, a microwave or 
millimeter-wave band. 

Background Art 

As a resonator used in the microwave or millimeter- wave band, a hairpin 
resonator disclosed in Japanese Unexamined Patent Application Publication No. 
62-193302 is known. The hairpin resonator has an advantage that it can be formed 
to be smaller than resonators using a linearly-extending conductor line. 

A planar-circuit-type multiple C-ring resonator formed by means of a thin- 
film micro-fabrication technique is disclosed in Japanese Unexamined Patent 
Application Publication No. 2000-49512. The multiple C-ring resonator has an 
advantage that it has a higher conductor Q-factor than the hairpin resonator 
disclosed in Japanese Unexamined Patent Application Publication No. 62-193302. 

A planar-circuit-type multiple spiral resonator formed by means of a thin- 
film micro-fabrication technique is disclosed in Japanese Unexamined Patent 
Application Publication No. 2000-244213. In this type of resonator, currents 
flowing through respective conductor lines are similar, in distribution, to each 
other, and thus a further higher conductor Q-factor can be obtained than can be 
obtained by the hairpin resonator. 

Although the multiple spiral resonator disclosed in Japanese Unexamined 
Patent Application Publication No. 2000- 244213 has the advantage that it has high 
conductor Q-factor, a disadvantage is that it needs high cost to produce it by means 
of a thin-film micro-fabrication process. When it is required to reduce the size of 
the resonator, finer fabrication is required, and the production cost is accordingly 
increased. 
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Accordingly, it is an object of the present invention to provide a resonator, 
a filter, a duplexer, and a communication apparatus, which have a small size and a 
high conductor Q-factor and which can be produced at reasonably low cost. 

DISCLOSURE OF THE INVENTION 
5 In order to achieve the above objects, the present invention provides a 

resonator comprising one or more ring-shaped resonant elements, each resonant 
element including one or more conductor lines, each resonant element having a 
capacitive part and an inductive part, the capacitive part being formed by locating 
ends portions of conductor lines such that one end portion of a conductor line and 

10 the other end portion of the same conductor line closely adjoin each other in a 

width direction or such that one end portion of a conductor line and an end portion 
of another conductor line included in the same resonant element closely adjoin 
each other in a width direction. 

In this structure, capacitive parts functions as capacitance, and each 

15 conductor line functions as a half- wave transmission line whose both ends are 
electrically open. It is not necessary to form a ground electrode on a surface of a 
substrate opposite to a surface on which the conductor lines are formed. Thus, a 
resonator having a desired conductor Q-factor and having a simple structure 
including a very small number of constituent elements can be produced at low cost. 

20 In this resonator according to the present invention, the resonant element 

may include a plurality of conductor lines and a plurality of capacitive parts. 

In the resonator according to the present invention, the conductor lines may 
be formed on a plane-shaped substrate. In this structure, it is not necessary to form 
a ground electrode on a surface of the substrate opposite to the surface on which 

25 the conductor lines are formed. This makes it possible to produce the resonator 
using a very small number of constituent elements at low cost. By forming the 
conductor lines such that end portions of each conductor line closely adjoin each 
other in a width direction, it becomes possible to obtain greater capacitance than 
can be obtained by a structure in which ends of each conductor line closely adjoin 
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each other in a longitudinal direction. This allows a reduction in the size of the 
resonator. 

In the resonator according to the present invention, the substrate member 
may be formed in the shape of a solid cylinder or a hollow cylinder, and conductor 
5 lines may be formed around a side face of the substrate member. This makes it 
possible to apply the invention to a cylindrical structure. 

End portions of a conductor line may be located in close proximity to each 
other such that the end portions form an interdigital transducer. This allows a 
reduction in the length of end portions, closely adjoining in the width direction, of 
10 the conductor lines and thus a reduction in the total size of the resonator. 

In the resonator according to the present invention, the width of some or all 
conductor lines and the space between some or all adjacent conductor lines may be 
set to be equal to or smaller than the skin depth of the conductor. This allows a 
reduction in current concentration due to the skin effect and the edge effect, and 
15 thus an increase in the conductor Q-factor of the resonator is achieved. 

In the resonator according to the present invention, the space between 
conductor lines adjoining each other in a width direction may be set to be equal to 
or smaller than the skin dept of the conductor lines. This allows a reduction in 
current concentration due to the edge effect, and thus an increase in the conductor 
20 Q-factor of the resonator is achieved. 

In the resonator according to the present invention, the space between 
conductor lines adjoining each other in the width direction may be set to be 
substantially constant. This makes is possible to form all conductor lines using a 
micro-fabrication process under the same condition adapted to forming the 
25 smallest pattern, thereby allowing a resonator having high conductor Q-factor to be 
produced in a highly efficient manner. 

In the resonator according to the present invention, the conductor lines may 
be produced in the form of a thin-film multilayer electrode obtained by alternately 
forming dielectric thin- film layers and conductive thin-film layer one on another. 
30 This allows not only a reduction in the current concentration in the width direction 
of the conductor lines due to the edge effect but also a reduction in the current 
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concentration due to in the thickness direction of the conductor lines due to the 
skin effect. Thus, it is possible to further increase the conductor Q-factor of the 
resonator. 

In the resonator according to the present invention, the space between 
5 conductor lines adjoining each other in a width direction may be filled with a 
dielectric material. This results in an increase in capacitance formed between 
adjacent conductor lines of the resonator, and thus it becomes possible to reduce 
the length of end portions, closely adjoining in the width direction, of the 
conductor lines and thus it is possible to reduce the size of the resonator. 

10 The present invention also provides a filter including a resonator 

constructed in one of the forms described above and signal input/output means 
which is formed on the same substrate as that on which the resonator is formed and 
which is coupled with the resonator. This resonator can be produced in a small 
form and can have a low insertion loss. 

15 The present invention also provides a duplexer including the filter 

described above which is used as a transmitting filter or a receiving filter or used as 
both a transmitting filter and a receiving filter. This duplexer has an advantage that 
it has a low insertion loss. 

The present invention also provides a communication apparatus including 

20 at least the filter or the duplexer descried above. This communication apparatus 
has an advantage that it has a low insertion loss in RF transmitting and receiving 
circuits and has high transmission performance in terms of, for example, noise 
characteristic and transmission rate. 

BRIEF DESCRIPTION OF THE DRAWINGS 
25 Fig. 1 is a diagram showing a construction of a resonator according to a 

first embodiment of the present invention. 

Fig. 2 is a diagram showing an electric field distribution in areas near two 
ends of a conductor line of the resonator shown in Fig. 1 and also showing a 
distribution of current flowing through the conductor line. 
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Fig. 3 is a diagram showing a construction of a resonator according to a 
second embodiment of the present invention. 

Fig. 4 is a diagram showing a construction of a resonator according to a 
third embodiment of the present invention. 
5 Fig. 5 is a diagram showing a current distribution in the resonator according 

to the third embodiment of the present invention. 

Fig. 6 is a diagram showing a construction of a resonator according to a 
fourth embodiment of the present invention. 

Fig. 7 is a diagram showing a construction of a resonator according to a 
10 fifth embodiment of the present invention. 

Fig. 8 is a diagram showing an example of an electric field distribution and 
a direction of a current in the resonator according to the fifth embodiment. 

Fig. 9 is a diagram showing another example of a pattern of conductor lines 
of the resonator according to the fifth embodiment of the present invention. 
15 Fig. 10 is a diagram showing a construction of a resonator according to a 

sixth embodiment of the present invention. 

Fig. 1 1 shows, in an enlarged fashion, various parts of the resonator 
according to a sixth embodiment of the present invention. 

Fig. 12 is a diagram showing an example of a conductor line pattern of a 
20 resonator according to a seventh embodiment of the present invention. 

Fig. 13 is a diagram showing a cross-sectional structure of a conductor line 
of a resonator according to an eighth embodiment of the present invention. 

Fig. 14 is a diagram showing a construction of a resonator according to a 
ninth embodiment of the present invention. 
25 Fig. 15 is a diagram showing a construction of a resonator according to a 

tenth embodiment of the present invention. 

Fig. 16 is a diagram showing a construction of a filter according to an 
eleventh embodiment of the present invention. 

Fig. 17 is a diagram showing a construction of a filter according to a 
30 twelfth embodiment of the present invention. 
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Fig. 18 is a diagram showing a construction of a filter according to a 
thirteenth embodiment of the present invention. 

Fig. 19 is a diagram showing an example of a conductor line pattern of the 
filter according to the thirteenth embodiment of the present invention. 
5 Fig. 20 is a block diagram showing a construction of a duplexer according 

to a fourteenth embodiment of the present invention. 

Fig. 21 is a block diagram showing a construction of a communication 
apparatus according to a fifteenth embodiment of the present invention. 

BEST MODE FOR CARRYING OUT THE INVENTION 
10 A resonator, a filter, a duplexer, and a communication apparatus according 

to the present invention are described below with reference to preferred 
embodiments in conjunction with the accompanying drawings. 

First Embodiment 

Fig. 1 illustrates the configuration of a resonator according to a first 

15 embodiment of the present invention, and more specifically, Fig. 1(A) is a top view 
of the resonator, and Fig. 1(B) is a cross-sectional view thereof. 

As shown in Fig. 1, the resonator includes a dielectric substrate 
(hereinafter, referred to simply as a substrate) 1 and a conductor line 2 formed on 
the upper surface of the substrate 1 . No ground electrode is formed on a surface 

20 (lower surface) of the substrate 1 opposite to the surface on which the conductor 
line 2 is formed. The conductor line 2 has a constant width and extends along a 
full one turn of circumferential length of a ring. The conductor line 2 has two end 
portions which additionally extend and which are located such that they closely 
adjoin each other in a width direction. More specifically, in an area enclosed in a 

25 circle in Fig. 1(A), one end portion xl of the conductor line and the other end 
portion x2 closely adjoin each other in the width direction. 

Fig. 2 illustrates the operation of the above-described resonator, and more 
specifically, Fig. 2(A) illustrates four positions A, B, D, and E at which the end 
portions of the conductor line are located in close proximity to each other, and also 

30 illustrates a longitudinal center position C of the conductor line, Fig. 2(B) 
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illustrates an electric field distribution in an area in which the two end portions of 
the conductor line are located in close proximity to each other, and Fig. 2(C) 
illustrates the current distribution along the conductor line. 

As can be seen from Fig. 2(B), the electric filed has very high intensity in 
5 the area in which the two end portions xl and x2 of the conductor line closely 
adjoin each other in the width direction, compared with the intensity in the other 
area. Furthermore, the intensity of the electric field is also high in an area between 
one end of the conductor line and a portion xl 1 immediately adjacent to the end 
portion xl at the opposite end of the conductor line, and also in an area between 

10 the other end of the conductor line and a portion x21 immediately adjacent to the 
end portion xl of the conductor line. Capacitance is formed in those areas in 
which the electric field becomes high in intensity. 

As shown in Fig. 2(C), the current intensity changes such that it abruptly 
increases in the area from position A to position B and has a substantially constant 

15 value in the area from position B to position D. In the area from position D to 

position E, the current intensity abruptly decreases. The current intensity becomes 
0 at both ends. Thus, a part of the conductor line in the area from A to B and a part 
in the area from D to E, in which the two end portions of the conductor line closely 
adjoin each other in the width direction, function as capacitive parts, while the 

20 remaining part in the area B to D functions as an inductive part. Resonance can 

occur as a result of cooperation between the capacitive parts and the inductive part. 
In analogy to a lumped-constant circuit, the resonator can be regarded as having 
the form of an LC resonant circuit. 

Hereinafter, the above-described ring-shaped element formed of the 

25 conductor line including the capacitive parts and the inductive part will be referred 
to as a resonant element. 

Second Embodiment 

Fig. 3 illustrates the configuration of a resonator according to a second 
embodiment of the present invention, and more specifically, Fig. 3(A) is a top view 
30 of the resonator, and Fig. 3(B) is a cross-sectional view thereof. 
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In this resonator shown in Fig. 3, unlike the resonator shown in Fig. 1 in 
which the resonator is realized by forming a single conductor line 2 on a substrate 
1, the resonator is formed of a set of conductor lines 12 including three conductor 
lines 2a, 2b, and 2c on the upper surface of a substrate 1. No ground electrode is 
5 formed on the lower surface of the substrate 1 . 

That is, according to the present embodiment, a resonator can be 
constructed by forming only conductor lines on a substrate without having to 
forming a ground electrode on a surface opposite to a surface on which the 
conductor lines are formed. As a matter of course, a ground electrode may be 

10 formed on the surface of the substrate opposite to the surface on which the 

conductor lines are formed. If a ground electrode is formed, it serves as a shield 
against and electromagnetic field. This makes it possible to realize a simple 
shielding structure in a resonator. 

Also in embodiments described below, no ground electrode is formed on 

15 the lower surface of the substrate. In each conductor line, two end portions thereof 
are located so as to closely adjoin each other in a width direction thereby forming a 
capacitive part at the ends of the conductor line. Thus, each of three conductor 
lines 2a, 2b, and 2c forms a resonant element. Those three conductor lines 2a, 2b, 
and 2c are located substantially concentrically about a particular point O on the 

20 substrate 1 such that the three conductor lines 2a, 2b, and 2c do not intersect with 
each other. One resonator is formed by the three resonant elements of respective 
conductor lines 2a, 2b, and 2c. 

Although adjacent conductor lines are located in close proximity to each 
other, substantially no capacitance is formed between adjacent conductor lines in 

25 areas in which inductive parts are formed excluding areas in which capacitive parts 
are formed. This is because positive and negative charges are present only in end 
portions (capacitive parts) and substantially no charges are present in inductive 
parts, as shown in Fig. 2(B). Absence of charges causes no displacement current to 
flow between adjacent conductor lines. Therefore, the capacitive parts and the 

30 inductive parts can correctly function even when a resonator includes a plurality of 
resonant elements. 
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In the present example, the capacitive parts (in an area enclosed in a circle 
in the figure) of the conductor lines 2a, 2b, and 2c are formed such that they are 
located in close proximity to each other and they extend across a line L passing 
through the center O of the ring formed by the conductor lines. 
5 The advantages obtained by the resonator of the second embodiment are as 

follows. 

(1) Each conductor line functions as a half- wave transmission line whose 
both ends are electrically open. In the present example, each conductor line forms 
one resonant element. 

10 (2) A positive charge is generated in one end portion of each conductor line 

and a negative charge is generated in the opposite end portion of the conductor 
line, and thus capacitor is formed in the area in which the two end portions of each 
conductor line are located in close proximity to each other. 

(3) Because capacitance is formed in a single plane, resonance can be 
15 achieved without having to form a ground electrode on the back surface (lower 

surface) of the substrate. 

(4) The intensity of the current flowing through conductor lines is 
determined by the capacitance of the respective conductor lines. 

(5) The current flowing through each conductor line induces a magnetic 
20 field distributed in a similar manner to that in a circular TE015 mode. More 

specifically, the magnetic field extends along a circumferential path in the rz plane 
in a symmetrical fashion about an axis. 

(6) The total current is distributed among the plurality of conductor lines 
such that distributed currents flowing through adjacent conductor lines are 

25 substantially equal in phase. As a result of distribution of the current among 

conductor lines, the high current intensity in the end portions and in neighboring 
areas is reduced, and thus the conductor Q-factor is improved. 

(7) Because capacitive parts of the respective resonant elements are located 
in close proximity to each other, the capacitance of the resonator is lumped in a 

30 particular local region on the plurality of conductor lines, the capacitive parts and 
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the inductive parts can fulfill assigned functions. This makes it easy to design a 
connection between the resonator and another circuit which uses the resonator. 

Third Embodiment 

Fig. 4 illustrates the configuration of a resonator according to a third 
5 embodiment of the present invention, and more specifically, Fig. 4(A) is a top view 
of the resonator, and Fig. 4(B) is a cross-sectional view thereof. 

In this third embodiment, two end portions of each of conductor lines 2a, 
2b, and 2c are located so as to closely adjoin each other in a width direction, 
wherein, at a position denoted by G in Fig. 4(A), one end of each of conductor 
10 lines 2a, 2b, and 2c face one end of another adjacent conductor line via a gap with 
a particular gap distance. This pattern is equivalent to a pattern obtained by 
partially cutting a spiral-shaped conductor line at particular positions (denoted by 
G in Fig. 4(A)). More specifically, the location of the capacitive part (formed in an 
area enclosed in an ellipse in Fig. 4(A)) of each resonant element is slightly shifted 
15 in a circumferential direction relative to the location of the capacitive part of an 

adjacent resonant element. In other words, when the change in location is seen in a 
radial direction, the locations of capacitive parts shift in a circumferential direction 
with changing radial position of the resonant element. 

The structure described above allows a conductor line set 12 including 
20 many lines to be disposed in a limited area, and thus it is possible to reduce the 
total size of the resonator. 

Furthermore, the space between adjacent conductor lines is maintained at a 
small fixed value along the entire length of conductor lines, the local increase in 
current due to the edge effect can be minimized along the entire length of 
25 conductor lines, and thus the conductor Q-factor is improved. 

Analytical comparison between the resonator including a plurality of 
resonant elements according to the third embodiment and the comparative example 
of multiple spiral resonator is described below. In the third embodiment, each 
resonant element includes an inductive part having a high impedance and a 
30 capacitive part having a low impedance, in which the impedance changes abruptly 
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in a step fashion. Thus, hereinafter, each resonant element is referred to as a step 
ring, and a resonator including a plurality of resonant elements is referred to as a 
multiple step ring resonator. 

Fig. 5(A) is a view showing one side of cross section, in the rz plane, of the 
5 resonator shown in Fig. 4. The set of conductor lines 12 is formed on the upper 
surface of the substrate 1, and the substrate 1 and the set of conductor lines 12 
formed thereon are enclosed in a shielding cavity 3. The physical dimensions of 
the conductor line 2 are listed below. 

internal radius ra = 250 pun; 
10 external radius rb = 1000 fim; 

width of conductor line Lo = 1.5 fim; 

space between adjacent conductor lines So = 1.5 jum; 

line thickness t = 5 fim 

number of lines n = 250 
15 Fig. 5(B) illustrates the current distribution in a radial direction of 

conductor lines. In Fig. 5(B), (1) indicates the current distribution in the multiple 
step ring resonator, and (2) indicates the current distribution in the multiple spiral 
resonator including a set of conductor lines disposed in the form of a spiral, 
disclosed in Japanese Unexamined Patent Application Publication No. 2000- 
20 244213. 

Currents are forced into respective conductor lines as described below. 

(1) In the multiple step ring resonator, currents are forced into conductor 
lines as follows: 

current sequence ik = 4 [mA] 
25 total current I = 1 [A] 

(2) In the multiple spiral resonator, currents are forced into conductor lines 
as follows: 

current sequence (see Fig. 5(B)) 

maximum value = approximately 8 [mA] 
30 minimum value = 0 [A] 

average = 4 [mA] 
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total current I = 1 [A] 

In the case of the multiple step ring resonator, as described above in (1) and 
as can be seen from Fig. 5(B), currents equally flow through all the conductor 
lines. In contrast, in the case of the multiple spiral resonator, as described above in 
(2), the currents flowing through conductor lines change depending on their 
location in a radial direction in such a manner that the current increases from 0 at 
one end in the radial direction to a peak value at a location slightly shifted outward 
in the radial direction from the center location, and the current decreases from the 
peak value to 0 at the opposite end. In the multiple step ring resonator, currents 
equally flow through all conductor lines as described above, and thus the overall 
conductor loss of the set of conductor lines can be minimized. As a result, a 
resonator having a high conductor Q-factor can be realized. 

The conductor Q-factor, the magnetic energy, and the inductance of the 
above-described resonator can be calculated as described below. 

The magnetic stored energy Wm is given by 
Wm = LI 2 /2, 

and the total current (effective value) I is given by 
I = Ei k (k - 1 to n). 

From the above two equations, the inductance L of the resonator is given as 
L = 2Wm/I 2 

Herein, if the conductor Q-factor is denoted as Qc, Qc and other parameters 
described above can be calculated for the respective resonator as follows. 

(1) Calculated values for the multiple step ring resonator 

Qc = 250; 
Wm = 1.96 nJ 
L = 0.98nH 

(2) Calculated values for the multiple spiral resonator 

Qc = 219; 
Wm = 3.17nJ 
L=1.58nH 
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On the basis of the above calculation, the physical dimensions of the 
capacitive part of the multiple step ring resonator can be designed as follows. 

For example, in a case in which the resonator is designed so as to have a 
resonant frequency of 2 GHz, capacitance must be equal to 6.45 pF for the value of 
5 inductance 0.98 nH. If the effective relative dielectric constant of the 1.5 fim gap 
between conductor lines is assumed to be 40, the capacitive part must have a total 
length of 5.47 mm to obtain capacitance of 6.45 pF. If the total capacitance of 6.45 
pF is equally distributed among 250 step rings, the length Wg of each capacitive 
part is set to be 5.47 mm/250 = 21.9 fxm. 

10 Fourth Embodiment 

Fig. 6 is a diagram showing a construction of a resonator according to a 
fourth embodiment of the present invention . 

In this resonator according to the fourth embodiment, as in the resonator 
shown in Fig. 4, each of three conductor lines 2a, 2b, and 2c forms a resonant 

15 element. However, in the conductor line 2b, end portions dl, d2, d3, and d4 are 
located so as to adjoin each other in a width direction in an area enclosed in a 
circuit shown in Fig. 6. That is, those end portions form an interdigital transducer 
(IDT) in which two comb-shaped end portions interdigitally engage with each 
other. 

20 Use of such a IDT structure makes it possible to obtain high capacitance in 

a limited area. Thus, it is possible to achieve a desired resonant frequency with a 
reduced conductor line length. That is, it is possible to reduce the total area in 
which the set of conductor lines 12 is formed thereby allowing a reduction in the 
total size of the resonator. Furthermore, because the space between adjacent 

25 resonant elements is maintained at a fixed value, the current concentration due to 
the edge effect is eased over the entire length of the conductor lines, and thus an 
increase in conductor Q-factor is achieved. 

Furthermore, because the conductor line 2b located at the center in the 
width direction in the set of conductor lines (a central conductor line of three 

30 conductor lines, in a case in which there are three conductor lines) has a width 
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greater than the width of conductor lines 2a and 2c located at innermost and 
outmost positions, the current concentration due to the edge effect can be 
efficiently suppressed in particular in areas where a high current concentration 
would otherwise occur. 

5 Fifth Embodiment 

Now, referring to Figs. 7 to 9, a resonator according to a fifth embodiment 
is described below. 

Although in the first to fourth embodiments described above, each resonant 
element is formed in the shape of a ring using a single conductor line, it is not 

10 necessarily required that each resonant element include a single conductor line, but 
each resonant element may include a plurality of conductor lines. That is, one 
resonant element may include a plurality of capacitive parts and a plurality of 
inductive parts. For example, as shown in Fig. 7, a resonant element may be 
formed into the shape of a ring using two conductor lines. In the example shown 

15 in Fig. 7(A), two conductor lines 2a and 2b each having the shape of a partial ring 
whose length is slightly greater than one-half of the length of a full ring are formed 
on a dielectric substrate 1 . Alternatively, a resonant element may be formed of 
three conductor lines each having the shape of a partial ring with a length slightly 
greater than one-third of the length of a full ring. In this case, three capacitive 

20 parts are formed within the full ring length. 

In the example shown in Fig. 7(A), one end portion xal of the conductor 
line 2a and one end portion xbl of the conductor line 2b are located so as to closely 
adjoin each other in a width direction. Similarly, the other end portion xa2 of the 
conductor line 2a and the other end portion xb2 of the conductor line 2b are located 

25 so as to closely adjoin each other in a width direction. Two capacitive parts are 

formed in respective areas in which the two sets of end portions adjoin. Thus, each 
of the conductor lines 2a and 2b functions as a half-wave transmission line whose 
both ends are electrically open. 

Fig. 7(B) shows an example of a resonator formed of two resonant elements 

30 shown in Fig. 7(A). Two end portions of the conductor line 2a and two end 
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portions of the conductor line 2b are located so as to closely adjoin each other 
thereby forming two capacitive parts. Similarly, two end portions of the conductor 
line 2c and two end portions of the conductor line 2d are located so as to closely 
adjoin each other thereby forming two capacitive parts. Thus, capacitive parts are 
5 formed in four areas each enclosed in an ellipse in Fig. 7(B). In this structure, the 
conductor lines 2a, 2b, 2c, and 2d are disposed such that one end of a conductor 
line of each resonant element and one end of a conductor line of another adjacent 
resonant element face with each other via a gap with a particular gap distance at a 
position denoted by G. The space between adjacent resonant elements is 

10 maintained at a fixed value. Therefore, as in the embodiment shown in Fig. 4, the 
current concentration due to the edge effect is eased over the entire length of the 
conductor lines, and an increase in conductor Q-factor is achieved. 

Fig. 8 shows the operation of the resonator shown in Fig. 7(B), wherein 
Fig. 8(A) shows an example of an electric field distribution between adjacent 

15 conductor lines and directions in which currents flow through respective conductor 
lines, and Fig. 8(B) shows a magnetic field distribution in cross section taken along 
line A-A in Fig. 8(A). In Figs. 8(A) and 8(B), E, H, and I denote the electric field, 
the magnetic field, and the current, respectively. 

As shown in Figs. 8(A) and 8(B), the electric field concentrates in areas in 

20 which end portions of conductor lines closely adjoin each other in a width direction 
of conductor lines. This means that capacitive parts are formed in the areas in 
which end portions of conductor lines closely adjoin each other in the width 
direction of conductor lines, and the other parts of the conductor line, through 
which currents flow, function as inductive parts. 

25 Fig. 9 shows an example in which three sets of resonant elements each 

including four conductor lines. In Fig. 9, four conductor lines 2a, 2b, 2c, and 2d 
form a first resonant element, four conductor lines 2e, 2f, 2g, and 2h form a second 
resonant element, and four conductor lines 2i, 2j, 2k, and 21 form a third resonant 
element. 

30 In the resonator having the structure shown in Fig. 9, like the structure in 

which each conductor line is composed of a full one-turn ring and further 
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extending two end portions, capacitive parts function in a more similar manner to 
lumped-constant capacitance as the relative length in the circumferential direction 
of capacitive parts decreases, and neither nodes nor antinodes appear in 
distribution of currents flowing through the other portions serving as inductive 
5 parts of the conductor lines. Current flow through all conductor lines in the same 
circumferential direction. Mutual induction among magnetic vectors induced by 
the respective currents allows magnetic energy to be stored in an efficient manner. 

Because currents are distributed among conductor lines, the current 
concentration due to the edge effect, which occurs in microstrip lines, is eased, and 
10 thus the conductor loss is reduced. 

Furthermore, advantages described below are obtained by locating a 
plurality of capacitive parts along a circumferential direction of each conductor 
line. 

That is, when high- frequency circuits for use at higher frequencies in the 

15 millimeter-wave band are designed, the lengths of end portions functioning as 

capacitive parts of conductor lines are reduced while maintaining a given particular 
size of a resonator formed on a substrate (wherein the size of the resonator may be 
expressed by the diameter of the substantially circular area in which the resonator 
is formed or by the area occupied by the resonator). In the design of such high- 

20 frequency circuits, the accuracy required in micro fabrication processes to produce 
resonators becomes more severe with increasing frequency. In the present 
embodiment, the above problem can be avoided as described below. That is, an 
one-turn-ring conductor line is divided into a plurality of conductor lines. As a 
result, a capacitive part of the original one-turn-ring conductor line is also divided 

25 into a plurality of capacitive parts. That is, a plurality of capacitive parts are 

formed within one full turn of a ring, and the effective capacitance of the overall 
conductor line is given by a series connection of capacitance of the plurality of 
capacitive parts. Thus it becomes possible to increase the capacitance per 
capacitive part while maintaining the effective capacitance at a desired value. 

30 For example, when a capacitive part is divided into two parts (that is, when 

a resonant element is formed of two conductor lines located along a full one turn of 
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a ring such that resonant element includes two capacitive parts), the effective 
capacitance C of a series connection of capacitive parts with capacitance CI and 
C2 is given by 

C = 1/(1/C1 + 1/C2) 

5 In a case in which a capacitive part is divided into three capacitive parts 

with capacitance CI, C2, and C3, the effective capacitance C for a series 
connection thereof is given by 

C = 1/(1/C1 + 1/C2+ 1/C3) 

Sixth Embodiment 

10 Referring to Figs, 10 and 1 1, a resonator according to a sixth embodiment 

is described below. Fig. 10(A) is a top view of the resonator according to the sixth 
embodiment, Fig. 10(B) is a cross-sectional view thereof, Fig. 10(C) is an enlarged 
view of a part enclosed in a circle in Fig. 10(A), and Fig. 10(D) is a cross-sectional 
view taken along line A- A' of Fig. 10(A). For ease of illustration in Figs. 10(C) 

15 and 10(D), a smaller number of conductor lines are shown than the actual number 
of conductor lines. Fig. 1 1 is an enlarged view of the resonator. 

In Fig. 1 1, an end portion of a conductor line at an innermost location of a 
plurality of conductor lines is shown in a circle IE, and an end portion of a 
conductor line at an outermost location is shown in a circle OE. An area in which 

20 end portions of conductor lines face with each other via a gap with a particular gap 
size is shown in a circle G. 

As shown in Fig. 10, a set of conductor lines 12 is formed on the upper 
surface of a substrate 1 . The structure thereof is basically similar to that shown in 
Fig. 4. However, in this example shown in Fig. 10, the set of conductor lines 12 is 

25 formed such the conductor line width changes depending on the locations of the 
conductor lines in a width direction (along line A- A 1 ) in such a manner that a 
conductor line located at the center has a greatest width and the width decreases 
with the location of conductor lines in both outward and inward direction. The set 
of conductor lines 12 is formed by means of a micro fabrication technique such 

30 that the widths of conductor lines located near outermost and innermost positions 
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(in a radial direction) are equal to or smaller than the skin depth of the conductor 
lines and such that the space between any adjacent conductor lines is equal to or 
smaller than the skin depth of the conductor lines. For example, cupper (with a 
conductivity of about 53 MS/m) has a skin depth of about 1.5 /im at 2 GHz, and 
5 thus the width of conductor lines at innermost and outermost locations and the 
space between any adjacent conductor lines are determined to be equal to or 
smaller than 1.5 fim. 

By setting the width of conductor lines at innermost and outermost 
locations in width direction of the set of conductor lines 12 and the space between 

10 any adjacent conductor lines to a value equal to or smaller than the skin depth, it 
becomes possible to effectively reduce the current concentration due to the skin 
effect in end portions of the set of conductor lines 12. Furthermore, by setting the 
width of conductor lines located near the center in the width direction of the set of 
conductor lines 12 to a greater value, it becomes possible to increase the current 

15 flowing through conductor lines suffering less edge effect, thereby achieving a 
higher conductor Q-factor. 

In the present example, the set of conductor lines 12 is formed such that 
each conductor line has a substantially rectangular shape. This results in an 
increase in aperture area in which resonant magnetic energy is stored, compared 

20 with that achieved by the circular shape. As a result, it becomes possible to reduce 
the area in which the set of conductor lines 12 is formed. Furthermore, corners of 
the rectangle are rounded such that conductor lines do not have abruptly bent parts, 
thereby preventing currents from concentrating in abruptly bent parts in conductor 
lines and thus preventing a reduction in conductor Q-factor. 

25 Seventh Embodiment 

Fig. 12 illustrates the structure of a resonator according to a seventh 
embodiment. Also in this embodiment, the resonator includes a plurality of 
resonant elements whose structure is basically similar to that shown in Fig. 7(B) 
except that a set of conductor lines is formed such that the width of conductor lines 

30 changes depending on the location in a radial direction in such a manner that the 
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width has a greatest value at the center and decreases toward innermost and 
outermost locations. In this resonator, unlike the resonator shown in Fig. 10, each 
resonant element includes two conductor lines. In the example shown in Fig. 12, 
conductor lines 2a and 2b form a first resonant element, conductor lines 2c and 2d 
5 form a second resonant element, conductor lines 2e and 2f form a third resonant 
element, and conductor lines 2g and 2h form a fourth resonant element. That is, 
four resonant elements form one resonator. 

The conductor lines are formed by means of a micro fabrication technique 
such that the widths of conductor lines located near outermost and innermost 

10 positions are equal to or smaller than the skin depth of the conductor lines and such 
that the space between any adjacent conductor lines is equal to or smaller than the 
skin depth of the conductor lines. In this resonator constructed in the above- 
described manner, as in the resonator shown in Fig. 10, it is possible to effectively 
reduce the current concentration due to the skin effect in end portions of the set of 

15 conductor lines, thereby allowing the resonator to have a higher conductor Q- 
factor. 

In order to increase the conductor Q- factor of the set of conductor lines, it 
is required to control the distribution of currents flowing through the respective 
conductor lines. In the present invention, the currents flowing through the 
20 respective conductor lines are controlled by adjusting the capacitance of capacitive 
parts of the respective conductor lines, taking into account the following factors. 

(1) The conductor loss due to the skin effect and edge effect is essentially 
caused by a current concentration in surfaces or edges. Therefore, it is needed to 
flatten the distribution of the amplitude of current thereby flattening the 

25 distribution of magnetic energy. 

(2) The optimum design of the resonator reduces to determining the 
optimum width of respective conductor lines depending on the current distribution 
and the magnetic energy distribution, thereby achieving an optimum series of 
current amplitudes. 

30 (3) In other words, simply dividing a conductor line into a plurality of 

conductor line having an equal small width does not necessary result in an increase 
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in conductor Q-factor. Depending on the series of currents, the dividing of the 
conductor line can result in an increase in loss. Furthermore, the conductor lines 
must have a control mechanism to achieve an optimum series of currents. 

Unfortunately, the optimum solution cannot be expressed in a single 
5 mathematical function. Therefore, it is needed to determine a better structure by 
means of iterative calculations. Guidelines for design on the basis of iterative 
calculations are described below. 

(1) When the structure is viewed in cross section perpendicular to current 
paths, the structure includes a plurality of lines. The conductor line width is 

10 monotonically reduced from a maximum value at the center toward both end 
locations. An optimum series of currents is determined by means of iterative 
calculation using a FEM simulator. 

(2) In order to determine the optimum series of currents, a series of 
capacitance coupled with respective conductor lines is determined. The optimum 

15 series of capacitance can be determined by solving an eigenvalue problem such 
that a characteristic matrix, calculated by combining an inductance matrix 
including elements indicating self-inductance of respective conductor lines and 
elements indicating mutual inductance between conductor lines and a capacitance 
matrix including diagonal elements indicating a desired series of capacitance, has a 

20 desired series of currents as an eigen-vector. Qualitatively, the series of 
capacitance is determined by the fact that the currents flowing through the 
respective conductor lines change depending on corresponding capacitance. 

Eighth Embodiment 

Fig. 13 illustrates the structure of a resonator according to an eighth 

25 embodiment, wherein a set of conductor lines 12 formed on a substrate is partially 
illustrated in the form of an enlarged fashion in Figs. 13(A) to 13(D). Fig. 13(A) 
shows a comparative example. In the resonator shown in Fig. 13(A), a set of 
conductor lines 12 similar to that shown in Fig. 10 or 1 1 is formed on the upper 
surface of a substrate 1. On the other hand, in the resonator shown in Fig. 13(B), 

30 the set of conductor lines 12 is constructed such that each of conductor lines is in 
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the form of a thin-film multilayer electrode produced by alternately forming 
dielectric thin-film layers 12b and conductive thin- film layer 12a in an one-on- 
another fashion. By constructing each conductor line in the form of a thin-film 
multilayer electrode, it becomes possible to reduce the skin effect due to intrusion 
5 of a magnetic field from below or above, thereby improving conductor Q-factor at 
the interface between the substrate and the conductor lines and at the interface 
between the conductor lines and air. 

In the example shown in Fig. 13(C), gaps between adjacent conductor lines 
of a set of conductor lines 12 are filled with a dielectric material 4. This results in 
10 an increase in capacitance of capacitive parts of resonant elements, and thus it 

becomes possible to reduce the length of each capacitive part and the total size of 
the resonator. 

In the example shown in Fig. 13(D), each of a set of conductor lines 12 is 
constructed in the form a thin-film multilayer electrode, and gaps between adjacent 
15 conductor lines are filled with a dielectric material 4. In this structure, advantages 
obtained by use of the thin-film multilayer electrode and the advantages obtained 
by filling the gaps with the dielectric material are achieved. 

Ninth Embodiment 

Now, referring to Figs. 14 and 15, a resonator according to a ninth 

20 embodiment is described below. 

Fig. 14(A) is a front view of the resonator according to the ninth 
embodiment, and Fig. 14(B) is a left side view thereof. Fig. 14(C) is a perspective 
view showing the shape of one of conductor lines included in the resonator. As 
shown in Fig. 14, conductor lines 2 are formed on a side face of a dielectric 

25 substrate member 1 1 in the form of a circular cylinder, thereby forming a plurality 
of resonant elements. More specifically, as shown in Fig. 14(C), each resonant 
element is produced by forming a conductor line 2 around the side face of the 
substrate member 1 1 by one full turn plus end portions wherein the end portions 
are located such that they adjoining each other in a width direction. In this 

30 example, the conductor lines 2 are formed such that all conductor lines 2 have the 
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same pattern, wherein the conductor lines 2 are located such that they do not 
overlap with each other and such that capacitive parts of the resonant elements are 
slightly shifted in a circumferential direction of the conductor lines from one 
conductor line to another. 
5 The present resonator is equivalent to a resonator obtained by mapping a 

resonator including conductor lines formed on a plane substrate in a plane 
coordinate system into a resonator including conductor lines formed around a side 
face of a circular cylinder in a cylindrical coordinate system. Thus, this resonator 
operates in a similar manner to that shown in Fig. 4, and similar advantages are 

10 achieved. However, as shown in Fig. 4, in the case in which a plurality of 

conductor lines are disposed on a plane substrate, the length of the capacitive part 
(the length (angular range) of end portions of conductor lines adjoining each other 
in the width direction) needed to obtain a particular fixed value of capacitance 
changes depending on the location in a radial direction. Furthermore, the angular 

15 range of the inductive part needed to obtain a particular fixed value of inductance 
also changes depending on the location in the radial direction. In contrast, in the 
example shown in Fig. 14, the radius is fixed. Therefore, if the lengths of 
capacitive parts and inductive parts are expressed in units of angular ranges, the 
angular ranges are equal for all conductor lines. Thus, the electric field generated 

20 among the conductor lines and the currents flowing trough the conductor lines 
have good symmetry in distribution. 

Tenth Embodiment 

Fig. 15(A) is a front view of a resonator according to a tenth embodiment, 
and Fig. 15(B) is a left side view thereof. Fig. 15(C) is a perspective view showing 
25 the shape of one of resonant elements composed of conductor lines in the 

resonator. In this example, each resonant element is composed of two conductor 
lines. This resonator is equivalent to a resonator obtained by mapping the 
resonator shown in Fig. 7(B) from the plane coordinate system into a cylindrical 
coordinate system. 
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Although in the examples shown in Figs. 14 and 15, the substrate member 
in the form of a solid cylinder is used, conductor lines may be formed around a 
substrate member made of an insulating or dielectric material in the form of a 
hollow cylinder. 

5 Eleventh Embodiment 

Fig. 16 is a diagram showing a construction of a filter according to an 
eleventh embodiment. Fig. 16(A) is a top view showing the filter according to the 
eleventh embodiment, in a state in which a cavity 3 is removed. Fig. 16(B) is a 
cross-sectional view of the filter. 

10 In Fig. 16, three resonators 7a, 7b, and 7c are formed side by side on the 

upper surface of a substrate 1 . Each of the resonators 7a, 7b, and 7c is similar to 
that described above with reference to Figs. 10 and 11. Coupling loops 5a and 5b 
for magnetically coupling with resonators 7a and 7c, respectively, at end locations 
are formed on the upper surface of the substrate 1 . Furthermore, on the upper 

15 surface of the substrate 1, there is also provided a ground electrode 6 electrically 
connected to the shielding cavity 3 within which the substrate 1 is enclosed. One 
end of each of the coupling loops 5a and 5b is connected to the ground electrode 6, 
and the other end extends to the outside of the cavity. 

In the three resonators 7a, 7b, and 7c, adjacent two resonators are 

20 magnetically coupled with each other via mutual induction of currents. The 

resonators 7a and 7c are also magnetically coupled with the coupling loops 5a and 
5b, respectively, via mutual induction of currents. Thus, the present filter has a 
bandpass characteristic achieved by the three cascaded resonators. The three 
resonators all have a high Q factor, and thus a low insertion loss is achieved. 

25 Twelfth Embodiment 

Fig. 17 is a diagram showing a construction of a filter according to a 
twelfth embodiment. In this example, a resonator 7b is formed on the upper 
surface of a substrate 1, and two resonators 7a and 7c are formed on the lower 
surface of the substrate 1. Each of those three resonators 7a, 7b, and 7c is similar 

30 to that described above with reference to Figs. 10 and 1 1 . The three resonators 7a, 
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7b, and 7c are located such that adjacent resonators partially overlap with each 
other when seen in a direction perpendicular to the substrate 1 . Two coupling 
loops 5a and 5b are disposed such that the resonators 7a and 7c partially overlap 
with the coupling loops 5a and 5b, respectively, when seen in the direction 
5 perpendicular to the substrate 1 . 

This structure makes it possible to reduce the size of the substrate 1 
compared with the structure shown in Fig. 16, and thus it is possible to reduce the 
total size and weight of the filter. 

Thirteenth Embodiment 

10 Now, referring to Figs. 1 8 and 19, a filter according to a thirteenth 

embodiment is described below. 

Fig. 18(A) is a top view showing the filter in a state in which a cavity is 
removed, Fig. 18(B) is a bottom view thereof, and Fig. 18(C) is a cross-sectional 
view taken along line A-A of Fig. 18(A). In Fig. 18, a resonator 7b is formed on 

15 the upper surface of a substrate 1, and two resonators 7a and 7c are formed on the 
lower surface of the substrate 1. Each of those resonators 7a, 7b, and 7c is similar 
to that shown in Fig. 4. That is, in each resonant element of those resonators 7a, 
7b, and 7c, end portions of each conductor line closely adjoin each other in a width 
direction. As in the resonator shown in Fig. 4, the locations of capacitive parts of 

20 respective resonant elements are slightly shifted from one conductor line to 
another. 

As shown in Fig. 18, the resonator 7b formed on the upper surface of the 
substrate 1 has a generally oblong shape. That is, as shown in Fig. 19, each 
conductor line has a substantially oblong shape. In the example shown in Fig. 19, 
25 three resonant elements are formed by conductor lines 2a, 2b, and 2c. 

In the resonators 7a, 7b, and 7c shown in Fig. 18, adjacent resonators are 
magnetically coupled with each other via mutual induction of currents. Herein, if 
the resonator 7a is used as a first-stage resonator, the resonator 7b as a second- 
stage resonator, and the resonator 7c as a third-stage resonator, use of the oblong 
30 shape for the second-stage resonator 7b results in strong stage-to-stage coupling 
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between the first and second resonators and between the second and third 
resonators. In the present example, the first-stage and third-stage resonators 7a and 
7c are also coupled with each other (jumping the intermediate resonator). That is, 
the filter includes three stages of resonators wherein the first-stage resonator and 
5 the third-stage resonator are jump coupled. By controlling the strength of the jump 
coupling, it is possible to adjust a frequency of an attenuation pole which appears 
near the passband. 

Fourteenth Embodiment 

Fig. 20 shows a duplexer according to a fourteenth embodiment. Fig. 20 is 

10 a block diagram showing the duplexer. In this duplexer, filters similar to that 
shown in Fig. 16, 17 or 18 are used as a transmitting filter and a receiving filter. 
The transmitting filter TxFIL and the receiving filter RxFIL are designed so as to 
have passbands required in transmission and reception. The transmitting filter 
TxFIL and the receiving filter RxFIL are connected to an antenna terminal 

15 ANTport used in common in both transmission and reception, wherein electrical 
lengths of the connecting lines to the antenna terminal ANTport are adjusted so as 
to prevent a transmitting signal from intruding into the receiving filter and also to 
prevent a received signal from intruding into the transmitting filter. 

Fifteenth Embodiment 

20 Fig. 21 is a block diagram showing a communication apparatus according 

to a fifteenth embodiment. In this communication apparatus, the duplexer shown 
in Fig. 20 is used as a duplexer DUP. A transmitting circuit Tx-CIR and a 
receiving circuit Rx-CIR are formed on a circuit board. The transmitting circuit 
Tx-CIR is connected to a transmitting-signal input terminal of the duplexer DUP. 

25 The receiving circuit Rx-CIR is connected to a received-signal output terminal of 
the duplexer DUP. The duplexer DUP is mounted on the circuit board, and an 
antenna ANT is connected to an antenna terminal. 

The present invention has been described above with reference to preferred 
embodiments. As described above, in the present invention, a resonator is formed 

30 of one or more ring-shaped resonant elements, wherein each resonant element 
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includes one or more conductor lines, each resonant element has a capacitive part 
and an inductive part, and one end portion of each conductor line and the other end 
portion of the same conductor line closely adjoin each other in a width direction or 
one end portion of each conductor line and an end portion of another conductor 
5 line included in the same resonant element closely adjoin each other in the width 
direction so that high capacitance is obtained in each area in which end portions of 
conductor lines adjoin each other thereby allowing a reduction in the size of the 
resonator. In this structure, it is not needed to form a ground electrode on the 
surface of the substrate opposite to the surface on the conductor lines. This makes 

10 it possible to produce the resonator using a very small number of constituent 
elements at low cost. 

Furthermore, in the present invention, the resonant element may include a 
plurality of conductor lines and a plurality of capacitive parts. This makes it 
possible to employ a rather long total length for the ring-shaped resonant element 

15 even when the resonant element is used in higher frequencies at which the length 
of inductive parts must be shortened. Thus, the curvature of the respective 
conductor lines does not encounter a significant increase, and the current 
concentration can be eased. As a result, a high conductor Q-factor can be 
achieved. 

20 Furthermore, in the present invention, the conductor lines may be formed 

on a plane-shaped substrate. This makes it possible to easily form conductor lines 
on the substrate, and thus cost reduction can be achieved. 

Furthermore, in the present invention, the substrate member may be formed 
in the shape of a solid cylinder or a hollow cylinder, and conductor lines may be 

25 formed around a side face of the substrate member. This makes it possible to 
apply the invention to a cylindrical structure. 

Furthermore, in an embodiment of the present invention, end portions of a 
conductor line are located in close proximity to each other such that the end 
portions form an interdigital transducer, thereby allowing a reduction in length of 

30 capacitive parts and thus allowing a reduction in the total size of the resonator. 
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Furthermore, in the present invention, the width of some or all conductor 
lines and the space between some or all adjacent conductor lines are set to be equal 
to or smaller than the skin depth of the conductor, thereby reducing the current 
concentration due to the skin effect and the edge effect and thus increasing the 
5 conductor Q-factor of the resonator. 

Furthermore, in the present invention, the space between conductor lines 
adjoining each other in the width direction is set to be substantially constant. This 
makes is possible to form all conductor lines using a micro-fabrication process 
under the same condition adapted to forming the smallest pattern, thereby allowing 
10 a resonator having high conductor Q-factor to be produced in a highly efficient 
manner. 

Furthermore, in the present invention, the conductor lines may be produced 
in the form of a thin- film multilayer electrode obtained by alternately forming 
dielectric thin- film layers and conductive thin- film layer one on another. This 
15 allows not only a reduction in the current concentration in the width direction of 
the conductor lines due to the edge effect but also a reduction in the current 
concentration due to in the thickness direction of the conductor lines due to the 
skin effect. Thus, it is possible to further increase the conductor Q-factor of the 
resonator. 

20 Furthermore, in the present invention, the gaps between adjacent conductor 

lines may be filled with a dielectric material to increase capacitance formed 
between adjacent conductor lines of the resonator. This allows a reduction in the 
length of capacitive parts, and thus a reduction in the size of the resonator. 

Furthermore, the present invention also provides a filter and a duplexer 

25 having a small size and having a low insertion loss. 

Furthermore, the present invention also provides a communication 
apparatus having a low insertion loss in RF transmitting and receiving circuits and 
having high transmission performance in terms of, for example, noise 
characteristic and transmission rate. 
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Industrial Applicability 

As described above, the resonator according to the present invention has 
the advantage that it can be produced at reasonably low cost so as to have a small 
size and a high conductor Q-factor. The resonator according to the present 
5 invention can be advantageously used in wireless communication or 

transmission/reception of electromagnetic waves in, for example, a microwave or 
millimeter-wave band. 
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